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ELECTROLYTIC PREPARATION OF MOLYBDENUM 


Se eel ELECTROLYTIC preparation of 
molybdenum—a critical refractory metal for high- 
temperature applications—has been achieved by Doc- 
tors Seymour Senderoff and Abner Brenner of the 
National Bureau of Standards in a research program 
sponsored by the Army Ordnance Corps. The NBS 
experiments have produced high-purity molybdenum 
by electrolysis of a bath of fused salts. The process is 
very flexible and easily controlled; depending on the 
conditions of electrolysis, deposits vary from fine pow- 
ders to thick, coherent layers. With further develop- 
ment of the process, electroforming of molybdenum ob- 
jects may become feasible. More rapid, less-expensive 
methods for producing molybdenum parts and coatings 
and for extracting the metal from the ore may result 
from this work. 

In recent years the need for heat-resistant materials 
in various applications has stimulated interest in refrac- 
tory metals such as tungsten and molybdenum. At 
present molybdenum is produced chemically as a fine 
powder by reducing purified molybdic oxide with hy- 
drogen. However, the process is expensive and has a 
number of other disadvantages. The molybdenum is 
obtained as a very fine powder, and the size of the par- 
ticles cannot be controlled. Because of the fineness of 
the powder, a large surface area is exposed to oxida- 
tion; extensive purification is thus required. Compli- 
cated powder-metallurgy procedures are also necessary 
to fabricate the powder into molybdenum objects. 

These disadvantages may be eliminated by the 
electrolytic method, as the deposits are obtained di- 
rectly on the cathode in the desired physical form and in 
a very pure state. Applications of the method for elec- 
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trowinning, electrorefining, electroforming, and 
electroplating are under study. Electroforming would 
make possible the formation of molybdenum parts hav- 
ing complicated shapes. Molybdenum electroplating 
would have the advantage of conserving this critical 
metal and at the same time allowing the designer to 
take advantage of the properties of the basis metal. 

The NBS work on molybdenum was part of a gen- 
eral program of research which the Bureau is conduct- 
ing in an effort to develop methods for electrodeposit- 
ing in good physical form metals—such as tungsten, 
titanium and zirconium—which have not been de- 
posited from aqueous solutions. In 1952 this program 
resulted in a practical process for electrodepositing 
aluminum from an organic plating bath at room tem- 
perature... The molybdenum project began with an 
investigation of compounds representative of the stable 
valence states of the metal; each was studied with regard 
to its suitability for use in the electrolytic preparation 
of molybdenum from fused salts. Ultimately satisfac- 
tory results were obtained with solutions of potassium 
hexachloromolybdate (III) (K,;MoCl,) in molten mix- 
tures of alkali halides. 

Coarse powders of pure molybdenum were deposited 
on the cathode from a solution of K,MoCl, in a 1: 1 
(by weight) mixture of sodium and potassium chlorides 
at a temperature of 900° C and current densities of 3 to 
100 amp/dm*. When a eutectic mixture of potassium 
and lithium chlorides was used at the same current 
densities and at temperatures between 600° and 900° C, 
the deposits varied in form. At 3 amp/dm* and 
600° C the deposits were thick, coherent layers, whereas 
at higher temperatures and current densities fine 
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Photomicrographs of electrodeposited molybdenum. 
Average particle size is about 0.01 inch (x50). 
the concentration of molybdenum. 
except for small crystals growing at edges, points, or other irregularities on the needles (50). 
of a coherent deposit (light area) of molybdenum, approximately 0.015 inch thick, produced at 600° C. and a cur- 


rent density of 3 amp/dm’ (100). 


powders were produced. For both solutions the opti- 
mum concentration of the molybdenum salt was about 
4 mole percent. 

It was discovered that contamination by oxycom- 
pounds resulted in low current efficiency and impure 
deposits. All materials were therefore dehydrated 
carefully before use, and the electrolyses were carried 
out in an argon atmosphere. Apparatus was designed 
that permitted high-temperature operation with auto- 
matic temperature control, external manipulation of 
electrodes, and automatic agitation of the cathode. The 
design of the equipment was greatly simplified by the 
use of induction heating. A water-cooled induction 
furnace coil surrounded the lower third of a Pyrex 
cylinder 114 ft long and closed at the bottom. Inside 
the lower third of the Pyrex tube was placed a ceramic 
cylinder, and within the ceramic was a machined 
graphite crucible containing the fused salts. The top 
of the glass cylinder was sealed with a rubber bung 
containing openings for the electrodes, a thermocouple 
tube, a connection to the gas system, and an escape 
chimney. 

A rod 14 in. in diameter and 2 ft long was inserted 
through one of the holes to serve as the cathode. It was 
connected at the top to a variable-speed stirring motor 
by a tightly fitted rubber coupling. A soluble anode 
of pure commercial molybdenum sheet was used. If 
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Below: Electroformed moly- 
bdenum. Tube was hard and 
brittle but mechanically 
sound. Wall thickness was 
0.02 in., density was about 94 
percent of theoretical density 
of molybdenum. Usually 
powdered molybdenum has 
maximum density about 92 
percent of theoretical value. 
Steel cathode coated with 


0.001 in. of silver was used. 
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a: Typical deposit of coarse powder from NaCl—KCl bath. 
b: Dendritic deposit obtained from NaCI—KC] solution by lowering 
The needles are from 0.5 to 1.5 mm long and are practically monocrystalline 


c: Cross section 


d: Enlargement of the deposit in ¢ etched to show the grain structure (500). 


an insoluble anode is used, a diaphragm is required to 
separate the anolyte from the catholyte. Both elec- 
trodes were immersed to a depth of about 3 in. The 
furnace was supplied with power by a mercury spark- 
gap converter which was controlled by a chromel- 
alumel thermocouple and a controlling pyrometer 
placed in the input circuit of the converter. The heat- 
ing rate was rapid, the melt reaching a temperature of 
900° C in about 10 min. 

The procedure began with purification of the alkali 
chloride mixture. This was done by fusing it in the 
graphite crucible at a temperature a few hundred de- 
grees above its melting point and allowing it to cool 
in an inert atmosphere. The Pyrex vessel was then 
opened, and the previously dried molybdenum com- 
pound was quickly added on top of the solid halide 
solvent. The system was evacuated and flushed out 
with argon. Heating was then begun, and at the de- 
sired operating temperature the electrodes were inserted 
into the melt. During the run the flow rate of the 
argon was set at any value between 200 and 3,000 
cm*/min, and the outlet chimney was always adjusted 
to maintain a pressure slightly above atmospheric in- 
side the system at all times. When very hygroscopic 
material, such as lithium chloride, was present, the bath 
was heated to 900° C at the same time as the argon 
flow was increased to about 3,000 cm?/min. This 
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rapidly drove out any released moisture and volatile 
oxycompounds.: Electrolytic purification was also 
found to be effective. 

The deposits adhered well to the cathode and were 
easily separated from the adhering electrolyte by leach- 
ing with dilute hydrochloric acid. Deposits from both 
types of solutions were found to be more than 99.9 
percent molybdenum and to contain as low as 0.026 
percent of oxygen. The density of the coherent de- 
posits was 9.6, or 94 percent, of the theoretical density 
of molybdenum, The current efficiency for metal depo- 
sition was 100 percent in both solutions over the full 
range of current density. 

In the course of the investigation improved methods 
for the preparation of K,MoCl, and of molybdenum 
dichloride (MoCl,)x, were developed. In the prepa- 
ration of the hexachloromolybdate, potassium molyb- 
date was dissolved in hydrochloric acid, and the solu- 
tion was electrolyzed in a divided cell. Hydrogen 
chloride was then added to the catholyte to precipitate 
K;,MoCl,. The molybdenum dichloride was obtained 
by first reducing the pentachloride with molybdenum 
powder to the trichloride, which was then heated to pro- 
duce the dichloride by thermal dissociation. 

Electrode potential studies were carried out on sys- 
tems of the type electrolyzed after a reference electrode 
half-cell suitable for use with molten salts was de- 
veloped. These studies not only provide interesting 
information on the physical chemistry of molten electro- 
lytes but also indicate that the NBS process might be 
successfully adapted to the electrorefining of molyb- 
denum. 


Diagram of the apparatus constructed by NBS for electro- 
deposition of molybdenum from fused salts. A: Pyrex- 
glass cylinder. B: Induction-furnace coil. C: Ceramic 
cylinder for insulation. D: Graphite crucible. E: Rub- 
ber bung used te close top of the glass cylinder. F: Cath- 
ode. G: Shaft of variable-speed stirring motor that agi- 
tates cathode. H: Thermocouple tube. I: Anode. J: 
Attachment for anode. K: Escape chimney for regulat- 
ing pressure within the glass chamber. L: Gas inlet or 
evacuation tube. 


* New aluminum plating process, NBS Technical News 
Bulletin 36, 86 (June 1952); see also, A hydride bath 
for the electrodeposition of aluminum, by Dwight E. 
Couch and Abner Brenner, J. Electrochem. Soc. 99, 234 
(1952). For further technical details, see The electro- 
lytic preparation of molybdenum from fused salts, by 
Seymour Senderoff and Abner Brenner, J. Electrochem. 
Soc. 101, 16 (1954). 
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Degradation Effects of Museum Light Sources 


SEFUL INFORMATION regarding the deteriorat- 
ing effects of modern light sources on museum 
specimens has resulted from a study made by Dr. D. B. 
Judd of the Bureau for the New York Metropolitan 
Museum of Art. On the basis of NBS data on the 
photochemical deterioration of cellulose, the Bureau 
has estimated the radiation hazard for six light sources 
commonly employed in museums and has made similar 
estimates for each of these sources in combination with 
protective filters. The results indicate that the cool- 
white fluorescent lamp, when used with a suitable ultra- 
violet-absorbing filter, combines excellent color rendi- 
tion, approaching daylight, with low radiation hazard. 
Radiant energy from light sources gradually embrit- 
tles paper, crumbles textiles, and fades the colors of pig- 
ments and dyed fibers. This photochemical action is 
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especially marked for sources such as fluorescent lamps 
which emit appreciable ultraviolet radiation in addition 
to visible light. However, until comparatively recently 
the incandescent lamp was virtually the only source of 
artificial light considered for museums, and the prob- 
lem of radiation hazard from artificial lighting was 
never a serious one. Then, with the development of 
various kinds of fluorescent lamps, high levels of arti- 
ficial light became economically feasible, and color 
rendition approaching that of natural daylight could 
also be obtained. As a result, modern museums must 
seek a suitable compromise between the high level of 
daylight-quality illumination desired by present-day 
viewers and lighting that involves negligible radiation 
hazard but yields inferior color rendition. 

The Bureau’s work on this problem was largely an 
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Photoelectric measurement of the intensity of light fall- 
ing on the Constitution of the United States at the Shrine 


in the Library of Congress. NBS work on the protective 
lighting of the Constitution and the Declaration of Inde- 
pendence (on wall behind the Constitution) provided 
basic data which were useful in the later study of museum 
light sources. (Both of these documents have since been 
moved to the National Archives Building.) 


extension of a study conducted in 1951 for the Library 
of Congress to provide recommendations for the pro- 
tective lighting of the Declaration of Independence and 
the Constitution of the United States... The earlier 
study revealed that damage to documents of this kind 
is caused largely by ultraviolet, visible violet and vis- 
ible blue radiant energy; data on the photochemical 
decomposition of low-grade paper were utilized to set 
up an arbitrary scale of the relative damaging effect of 
different wavelengths from 365 to 546 millimicrons. 
On this basis a suitable light source and filter for the 
lighting of the historic documents were selected. 

In the present investigation the scale of relative dam- 
age as a function of wavelength was extended to cover 
the wavelength range from 300 to 640 my. Relative 
damage rates above or below this range are of no inter- 
est in museum lighting because none of the sources used 
emit appreciable damaging energy at wavelengths out- 
side this band. To estimate the radiation hazard asso- 
ciated with a particular source, a probable rate of 
damage per foot-candle was computed for each of six 
light sources commonly used or considered for museum 


lighting. This quantity was obtained as the ratio of 
two sums: 
>) A, D,Ar 
ital 
>) MyrAr 
0 


where //, is the spectral irradiance (areal density of 
radiant flux) of the light source at wavelength A, Dd 
is the relative damage factor, y, is the luminous 
efficiency of the source at the various wavelengths, and 
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Ad is the interval (here 20 mp) between the wavelengths 
at which H,, D), and ¥, are evaluated. The sum in 
the denominator is thus the illuminance (areal density 
of incident luminous flux) in foot-candles. 

The six sources were zenith sky, the sun, the cool- 
white deluxe fluorescent lamp, the warm-white deluxe 
fluorescent lamp, the daylight fluorescent lamp, and 
the incandescent lamp. The Bureau also determined 
the distribution of irradiance which resulted from 
screening each of these sources with typical filters 
cutting off the short-wave portion of the spectrum to 
various degrees. 

Of the filters studied, those like Noviol O yielded the 
smallest estimates of radiation hazard. Although such 
filters are slightly yellowish, the small distortion in 
color rendition introduced by them would probably 
not ordinarily be objectionable. However, filters like 
Greenish Nultra introduce no significant color dis- 
tortion and still reduce the radiation hazard almost as 
much. In fact, the cool-white deluxe fluorescent lamp 
screened with Greenish Nultra is estimated to have a 
radiation hazard less than that of the bare incandescent 
lamp, which is generally admitted to be negligible. 
Yet the cool-white lamp with this filter gives excellent 
color rendition, whereas the bare incandescent lamp is 
relatively poor in this respect. 


* Protective display lighting of historical documents, 
NBS Circular 538; Preservation of the Declaration of 
Independence and the Constitution of the United States, 
NBS Circular 505. (Both publications are available at a 
cost of 15 cents each from the Superintendent of Docu- 
ments, U. S. Government Printing Office, Washington 
Be, 1D) Ea) 


Spectral irradiance curves showing the areal density of 
radiant flux at various wavelengths on two surfaces, one 
illuminated by an ordinary incandescent lamp (open 
circles), the other by a cool-white deluxe fluorescent 
lamp with ultraviolet absorbing filter (Greenish Nultra). 
Total illuminance in foot-candles is the same for both 
surfaces. The rectangular blocks give the spectral irra- 
diance of the mercury lines in the spectrum of the fluo- 
rescent lamp. Note that in the ultraviolet region (below 
400 my) the irradiance from the incandescent lamp is 
greater than that from the fluorescent lamp with filter, 
whereas in the visible violet and blue regions (400 to 
480 mu), where the incandescent lamp is deficient, the 
filtered fluorescent lamp provides ample energy for good 
color rendition. 
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Fatigue Properties of 


Music Wire 


Aye INVESTIGATION of the fatigue properties of 
music wire and springs, which is now under way 
at the Bureau, has resulted in the development of a 
reversed bending analysis method for predicting the 
approximate fatigue strength of helical springs wound 
from music wire. The study, which is being conducted 
by J. A. Bennett, H. C. Burnett, and C. L. Staugaitis of 
the NBS mechanical metallurgy laboratory, has also 
yielded information about the mechanism of failure of 
wire springs.' 

Many ordnance devices such as machine guns and 
small arms are dependent on helical springs for their 
operation. These springs operate over a very large 
stress range and must maintain their original strength 
through thousands of cycles. Music wire is most fre- 
quently used for springs in ordnance devices because 
it is the strongest engineering material available. 
Small-diameter wire of this type is produced commer- 
cially with a tensile strength as high as 450,000 
lb/in?. 

The reversed-bending study, made on four types of 
wire, is the first phase of the Bureau’s investigation of 
helical springs. The work is sponsored by the Army 
Ordnance Corps. 

In the NBS investigation reversed bending fatigue 
studies were made using two types of testing machines. 
One of these was designed and constructed at the 
Bureau; the other was the Hunter wire fatigue tester. 
The NBS machine utilizes a rotating strut but differs 
somewhat from other machines of this type. Both ma- 
chines operate on the principle that a rotating curved 
wire must reverse its points of maximum compression 


Left: Fatigue testing machine developed by NBS for use in reversed-bending studies of music wire. 
mounted in the motor chuck and a pivoted tailstock bearing. 


and Springs 


and tension once each revolution. Approximately 50 
specimens of four types of wire were studied under 
reversed bending in the Hunter machine, and 100 speci- 
mens of each type in the NBS machine. When results 
from the two machines were correlated, no consistent 
difference in data was found. 

Fatigue studies of short compression springs were 
made in another type of machine designed at the 
Bureau. In this device an electric motor and adjust- 
able eccentric are attached to one end of a steel plate 
which is pivoted at its midpoint. Eight springs, four 
at each end, are mounted between the pivoted plate and 
a second fixed plate approximately 2 in. below. The 
four springs at each end are positioned at the corners 
of a theoretical square. This permits the eight springs 
to be stressed simultaneously at two levels. Stress 
levels are computed by measuring the change in pitch 
of each spring when in the no-load minimum-, and 
maximum-load positions. 

In order to provide a comparison between the results 
of the reversed bending studies and the compression 
tests, the data obtained were used to prepare tables that 
give, for various life times, the ratio between the stress 
range in the springs and the stress amplitude in the 
wire. These turned out to be similar for all of the 
four types of wire tested. The NBS data indicate that 
reversed bending fatigue analysis of music wire will 
give the approximate fatigue strength at high stress 
levels of helical springs wound from that wire. How- 
ever, the correlation was not sufficiently good to dif- 
ferentiate between samples of similar wire. 

In the course of the investigation a study was made 


The specimen is 
The tailstock bearing is free to move horizontally on 


flexure plates, one of which can be seen at A. An axial load is applied to the specimen by the loading nut C and is 
measured by the dynamometer B, which incorporates wire strain gages at E. When the curve of the specimen is made 
symmetrical by setting the angles at the two ends (as read on the protractors D) equal, then the bending moment is 
equal to the axial load on the specimen times the deflection from the line joining its ends. After proper adjustment, 
the wire is rotated until the specimen breaks, which automatically stops the machine. Right: Fatigue studies of short 
compression springs were made on a machine also developed at NBS. Eight springs are stressed simultaneously at two 
levels. Stress levels are computed by measurement of the change in pitch of the spring when in the no-load, mini- 
mum-load, and maximum-load positions. 
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In a helical 
spring loaded in tension or compression the wire is 
actually twisted. Consequently, there are shear stresses 
in the wire which are parallel and perpendicular to its 
length, and the tensile stress is at an angle of 45 deg 


of the mode of fracture of the springs. 


to these. Observation of the fractures showed that in 


Typical fracture of helical compression spring wound 
from music wire. Arrow A indicates plane of tensile 
fatigue cracks. Arrows from B indicate surface of longi- 
tudinal shear crack. 


almost all cases a fatigue crack had started on a longi- 
tudinal shear plane and progressed for some distance 
along the wire before a crack normal to the tensile 
stress started. Fracture of the wire occurred when 
the tensile crack had progressed only a short distance. 
These observations were verified by microscopic ex- 
amination of a cross section of the wire taken from a- 
fracture. The discovery that fatigue cracks start on a 
longitudinal shear plane explains one type of failure 
experienced in machine gun springs, where the strength 
of the springs decreases greatly without actual failure. 


* Endurance of helical springs related to properties of 
the wire, H. C. Burnett, C. L. Staugaitis, Metal Progress 
64, No. 3, 77 (September 1953). 


Metal 


Ultrasonic Delay Lines 


Ne recently completed an investigation of metal 
ultrasonic delay lines for application in electronic 
computers and ordnance devices. The study disclosed 
that use of isoelastic alloys containing combinations of 
iron, nickel, chromium, and other minor elements may 
solve one of the primary problems in this field—finding 
materials that yield a thermally stable delay line with 
respect to time delay. The investigation was con- 
ducted by R. W. Mebs, J. H. Darr, and J. D. Grimsley 
of the NBS thermal metallurgy laboratory. 

A delay line is a device for slowing down or storing 
a signal in an electric circuit. At radio frequencies 
this can be done by transforming the electric signal 
into a much slower sound signal and propagating it 
through an appropriate medium. After a given length 
of time the sound signal is converted to an electric sig- 
nal again. Delay lines are employed in radar, com- 
puters, and many new ordnance devices. 

The use of isoelastic alloys for delay lines is appar- 
ently new, although such materials have been known 
and used in other applications for over 50 years. _Iso- 
elastic alloys are ones which have a constant modulus 
of elasticity with respect to temperature changes. Their 
primary use to date has been in watch springs and sim- 
ilar applications. Since one of the requirements for 
ordnance delay lines is ability to give constant signal 
delay regardless of temperature changes, only the iso- 
elastic alloys and relatively few other materials can be 
considered for such a use. 

Up to the present time quartz, mercury, water, and 
certain magnesium alloys have exhibited some of the 
qualities needed for use in ultrasonic delay lines. 
Quartz and mercury have been used fairly extensively 
in certain applications, but both have drawbacks. 
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Quartz is expensive and hard to shape or machine while 
mercury is thermally unstable and is susceptible to me- 
chanical shock, leakage, aging, and contamination. 
Mercury has been used, however, in the long delay lines 
of the Standards Eastern Automatic Computer 
(SEAC).* In some devices it is desirable to use a ma- 
terial that will transmit 10-Mc pulses, without appre- 
ciable attenuation or distortion of the signal, and give a 
50-psec time delay. At the same time the material must 
be thermally stable and be easily shaped into specific 
dimensions. No delay lines developed so far have all 
these qualities. 

Before the delay lines could be investigated, certain 
problems relating to the transducers used to transform 
the signal had to be solved. Quartz-crystal trans- 
ducers were found to be the most efficient elements. 
The crystals were cut so that they transmitted only shear 
waves. Careful acoustical matching between delay line 
and crystal was required. The Bureau adopted a buffer 
technique for preliminary tests in which crystals were 
cemented to short lengths of magnesium alloy rods. 
A special clamp was devised to hold the unmounted 
ends of these buffers against the delay lines under test. 
In the second method for attaching crystals to delay 
lines, the one which was used in the final investigations, 
crystals were cemented directly to the delay lines as 
they would have to be in potential service use. Best 
signal characteristics were obtained using epoxy type 
cement and overcuring it. | 

Although the principal objective was to obtain a line 
of a length which would produce a delay of 50 psec, 
specimens of various lengths were studied. This was 
done to determine the attenuation per unit length and 
the transducer or buffer loss associated with the various 
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materials. Delay line length varied from 14 in. to 
over 6 in. The NBS study revealed that there was 
little effect on the transmission of ultrasound attribut- 
able to specimen cross section so long as it was not less 
than transducer cross section. 

NBS investigated 14 materials in the course of the 
work. A number of characteristics such as attenua- 
tion, distortion, and temperature response were studied 
for each material. The total attenuation of a high- 
frequency signal is the result of several factors. Be- 
sides losses in the delay line itself, there are losses due 
to the crystal transducer and due to the bond between 
the crystal and delay line. The attenuation losses of 
the line have been attributed to elastic hysteresis, sound 
scattering, and a sound diffusion process. Distortion 
also has several sources. It can be caused by the 
crystal transducer or by the matching between crystal 
and delay line. Internally, the principal sources of 
distortion are scattered signals which have been re- 
flected or refracted back into the main beam. To 
investigate these effects, the laboratory made studies 
of the relationships between the transmission of ultra- 
sound and such factors as chemical composition, cold 
deformation, annealing treatment, specimen length, 
and sound path cross section. 

The third, and most important quality, sought in the 
NBS investigation was temperature stability of time 
delay over the range from —50° to +200° C. The 
delay time of a delay line is affected by the length and 
the shear modulus of the material. For most metals, 
the temperature coefficient of the modulus is negative 
and of much greater magnitude than the positive ex- 
pansion coefficient. Actually, the expansion coefficient 
is relatively small, especially for certain alloys of iron 
and nickel. Consequently, a thermally stable delay- 
line material must have a very small negative tem- 
perature coefficient of shear modulus. 

Materials chosen for study included two magnesium 
alloys, a high-purity and a commercial nickel, Invar, a 
32-percent nickel-iron, an 18:8 Cr-Ni steel, a 1-percent- 
carbon tool steel, an aluminum single crystal, and 5 
isoelastic alloys. Of the isoelastic alloys, 3 were of 
commercial origin, 1 was an experimental alloy, and 1 
was a special alloy prepared in the Bureau’s experi- 
mental foundry and treated in the NBS thermal 
metallurgy laboratory. 

The electronic apparatus consisted of an RF signal 
generator and amplifier; pulse, marker, and delay 


NBS adopted a buffer technique for preliminary tests in 
which crystals were cemented to short lengths of mag- 
nesium-alloy rods. A special clamp was devised to hold 
the unmounted ends of these buffers against the delay 
lines under test. A, Specimen; B, clamp holder; C, 
magnesium-alloy buffer with cement-attached crystal; D, 
electrical connector. 
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Block diagram of delay-line measuring equipment. 
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generators; an output cathode follower; and an oscillo- 
scope. For attenuation studies, a pulse modulated sig- 
nal was fed into both the ultrasonic delay line and di- 
rectly into the oscilloscope. The outputs were applied 
to the vertical input of the oscilloscope. As the oscillo- 
scope deflection sensitivity and circuit constants were 
known, the attenuation of the delay line could be de- 
termined. For delay-time studies, the marker genera- 
tor provided marker pulses for the vertical input of the 
oscilloscope and synchronized the pulse generator out- 
put which was being applied to the delay line. The 
delay generator was synchronized by the pulse genera- 
tor and provided in its output a delay pulse which was 
used to trigger the oscilloscope sweep. The sweep de- 
lay was variable over a wide range. By this method, 
the expanded sweep could be observed over a wide 
range, facilitating accurate determination of the delay 
time of the delay line. 

For tests at elevated temperatures, a nichrome-wound 
alundum tube furnace was used having a uniform tem- 
perature zone over the specimen length. Thermo- 
couples were attached to the center and both ends of 
the delay line. In order to obtain subzero tempera- 
tures, a very simple but effective low-temperature test 
chamber was constructed. It consisted of an open-top 
wooden box with holes drilled in its opposite ends. A 
thick-walled copper tube ran through the holes. The 
delay lines were inserted in the tube. By gradually 
filling the box with dry ice, the specimen was cooled 
slowly. The copper tube maintained effectively uni- 
form temperatures over the specimen length. 

Of the 14 metals and alloys investigated, only 2 of 
the isoelastic alloys possessed satisfactory temperature 
stability over the range from — 50° to + 200° C. These 
materials were alloys of iron, both containing approxi- 
mately 36 percent of nickel and 7 to 8 percent of 
chromium, plus other minor constituents. While mer- 
cury and the magnesium alloy have temperature co- 
efficients of delay time of about 300 ppm/° C and 400 
ppm/° C, respectively, one of the isoelastic materials 
tested had a temperature coefficient of only 8 ppm/° C. 
The second isoelastic alloy was nearly as good; it ex- 
hibited a constant delay time over the range from 
—50° to +170° C, with a slight increase in delay time 
at temperatures above 170° C. . 


*SEAC—the National Bureau of Standards Eastern 
Automatic Computer, NBS Tech. News Bulletin 34, 
No. 9, 121 (September 1950). 

For further technical details, see Metal ultrasonic delay 
lines, R. W. Mebs, J. H. Darr, and J. D. Grimsley, J. 
Research NBS 51, 209 (November 1953) RP2453. 
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HE BUREAU has developed an altimeter that will 
measure altitudes as low as 2 ft, by using appro- 
priate frequency shifting and by modifying existing 
techniques for recognizing short-distance information. 
This instrument, called the nonquantized frequency- 
modulated altimeter, was designed by H. P. Kalmus, 


J. C. Cacheris, and H. A. Dropkin as part of the 


Bureau’s research in ordnance electronics. The NBS 
altimeter makes it possible, for instance, for a heli- 
copter pilot to know when he is within several feet 
of the landing surface, whereas conventional altimeters 
give information only to the closest 10 or 20 ft. An 
operating frequency in the X-band of the radio spec- 
trum (10,000 Mc) facilitates the use of equipment and 
techniques reasonably well established and technologi- 
cally available. 

Most frequency-modulated altimeters for aircraft 
generate high-frequency signals and direct the radio 
energy along a narrow path. When the radiated 
energy strikes a reflecting surface (the deck of a ship, 
for instance), it returns to the transmitter-receiver 
location essentially along the same path. Electronic 
circuits translate into feet or miles the period elapsed 
between the time the signal left the transmitter and the 
time it returned to the receiver. Ideally, the trans- 
mitter frequency of such an altimeter should be con- 
tinuously variable, starting at zero frequency and 
continuing to higher and higher frequencies. The dis- 
tance between the transmitter and the ground would 
then be computed electronically from the frequency 
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difference between the received signal at one instant and 
the transmitted signal at that same instant. With such 
a continuously variable generator, the frequency of the 
received signal would always be lower than the trans- 
mitted signal by an amount dependent on the 
instantaneous distance from the ground. 

Because transmitters cannot be continuously varied 
between zero and an infinitely high frequency, altim- 
eters in actual practice generate a relatively narrow 
band of frequencies and transmit this range at a 
recurring rate. The distance-dependent time delay be- 
tween the transmitted and received signals still forms 
the basis for measuring altitude, but in conventional 
models the recurrence of like frequencies within short 
intervals introduces an error that prohibits the accurate 
detection of altitudes less than 10 or 20 ft. Further- 
more, conventional altimeters operate under a quan- 


Above left: Block diagram of National Bureau of Stand- 
ards nonquantized frequency-modulated altimeter. The 
instrument employs a 10,000-Mc frequency-modulated 
generator (g) and conventional microwave equipment to 
amplify and radiate (t) the high-frequency energy. 
small portion of the transmitted signal is fed through a 
frequency shifter (FS) and then combined with the sig- 
nal received (r) from the ground. The frequency 
shifter may be either an electrical or mechanical device 
designed to produce a new signal with a frequency dis- 
placed by a constant amount (about 100 cycles) from the 
frequency of the transmitted signal. The combined sig- 
nals—from the frequency shifter and the ground—are 
rectified (Re), amplified (A), and then fed into a count- 
ing-averaging mechanism (C). 
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tized system, in which integral distances (10, 20, 30 ft) 
are added and the average over a period of time is a 
measure of the altitude of the transmitter. This system 
is efficient and accurate in the measurement of higher 
altitudes, but it does not provide accurate values of 
very low altitudes. 

The NBS altimeter employs a 10,000-Mc frequency- 
modulated generator and conventional microwave 
equipment to amplify and radiate the high-frequency 
energy. A small portion of the transmitted signal is 
fed through a frequency shifter and is then combined 
with the signal received from the ground. The fre- 
quency shifter may be either an electrical or mechanical 
device designed to produce a new signal with a fre- 
quency displaced by a constant amount (about 100 
cycles) from the frequency of the transmitted signal. 
The combined signals—from the frequency shifter and 
the ground—are rectified, amplified, and then fed into 
a counting-averaging mechanism. 


Curve of measured output of NBS nonquantized fre- 
quency-modulated altimeter versus distance for three 
different incorporated networks: (1) Amplifier with a 
uniform frequency characteristic; (2) amplified with an 
{4 filter; and (3) amplifier with peaked frequency char- 
acteristic. In (1) the method is usable only when the 
return signal overrides the oscillator signal leaking 
through the frequency shifter. Curve (2) shows varia- 
tions from linearity but a linear relationship can be 
obtained by incorporating a calibrated dial indicator in 
the counting mechanism. Methods (2) and (3) are 
usable for any distance within the range of conventional 
altimeters. 
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The operation of the NBS altimeter may be best ex- 
plained by using vectors. Consider the maximum 
amplitude of the carrier signal to be represented by a 
vector directed vertically. The received signal becomes 
an oscillating vector at the tip of the carrier vector. It 
swings back and forth with an angle wholly dependent 
upon the distance between the transmitter and the re- 
flecting surface, and at a fixed rate determined by the 
repetition frequency, f,, of the transmitter. For short 
distances this phase excursion through which the vector 
moves is quite small; for larger distances, the angle 
increases accordingly. At even larger distances the 
phase angle may be several multiples of 27 or 360°. 
The base line around which the vector oscillates is de- 
termined by the phase of the carrier wave which strikes 
the ground. For example, if the phase of the wave at 
the ground is 45°, 90°, or 180°, respectively, the vector 
assumes corresponding base-line positions—the 90-, 
180-, or 360-deg axis of the conventional quadrant 
system. 

Besides being controlled by the altitude of the trans- 
mitter, the oscillating vector is also affected by the out- 
put signal from the frequency shifter in the NBS altim- 
eter. This very low frequency, denoted by fa makes 
the phase vector rotate around the tip of the carrier 
vector. The signal resulting from the combination and 
rectification of the carrier vector and the phase vector, 
which has both a rapid oscillation and a slow rotation, 
may be represented by a projection of the phase vector 
on the carrier vector. The number of oscillations 
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Vector representation of the ‘operation of an FM al- 
timeter. The maximum amplitude of the carrier signal 
is represented by a vector directed vertically (A). The 
received signal (KA) becomes an oscillating vector at the 


tip of the carrier vecter. It swings back and forth with 
an angle y wholly dependent upon the:distance between 
the transmitter and the ground, and at a fixed rate deter- 
mined by the repetition frequency, fr, of the transmiiter. 
The base line around which the vector oscillates is deter- 
mined by the phase of the carrier wave which strikes the 
ground. The diagram at the left represents a ‘“one- 
count,” which indicates a distance between zero and ten 
feet. The diagram at the right represents a “two count,”’ 
or a distance between 10 and 20 feet. In the Bureau’s 
altimeter, a slow continuously rotating signal vector is 
superimposed on the oscillating vector, KA. This causes 
the phase vector to rotate slowly and yields an average 
position that is time-dependent. 


within one period of the recurrence or repetition rate 
is entirely dependent upon the altitude of the trans- 
mitter. If the altitude is low, the phase excursion will 
also be small, and the projection plotted against time 
may be but one wave in a period 1/f,. For larger 
distances, the phase excursion will be correspondingly 
larger, and the number of waves within the same period 
will be increased. 

The major difficulty in using a conventional altimeter 
occurs at the very short distances. If the carrier wave 
strikes the ground at a point of zero phase, the phase 
vector will then swing back and forth around what cor- 
responds to the zero-degree position in the quadrant 
system. The projection of the vector on a time base 
may be one complete wave in the period 1/f,. How- 
ever, if the altitude is increased by 14 wavelength the 
carrier wave will strike the ground at a 45-deg phase 
point. The phase vector would then oscillate around 
the 90-deg position of the quadrant system. The pro- 
jection of this motion on the time base would be two 
complete waves. The method for determining altitude 
is to count the number of waves produced by the pro- 
jection of the phase vector. Thus, for essentially the 
same distance as in the first example above there is an 
ambiguity. Furthermore, at very short distances, for 
a fixed phase position (for example, zero degrees) the 
altitude may be increased while the number of waves 
will remain the same. Thus a count of one may corre- 
spond to any altitude from 0 to 10 ft or more. At 
larger distances, a particular count will have this in- 
determinateness of 10 ft; for example, a count of 5 may 
correspond to any distance between 40 and 50 ft. 

The NBS altimeter overcomes these errors by super- 
imposing a slow continuous rotation of the frequency- 
shifted signal vector, f;. This causes the phase vector 
to rotate slowly at an angular velocity 27fa and gives 
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it an average position that is time-dependent. While 
the phase vector is rotating at a rate f, it also swings 
back and forth at a rate f,. For each oscillation, the 
phase vector will produce one or two waves as previ- 
ously. Now, however, in each period of 1/fa second 
both will occur. The NBS altimeter uses the average 
number of waves to obtain the altitude. The greater 
the ratio f,/fy, the larger the number of counts per 
1/fa period. As many waves are counted, the average 
value can be changed by small fractional increments. 
In contrast, the count of conventional altimeters can 
change only by integers. 

As the altitude is increased the phase excursion in- 
creases. Hence, it is evident that a larger proportion 
of two counts will be obtained. This increases the 
average number of counts per 1/fa period. Thus the 
average count provides a continuous nonquantized 
indication of altitude. 

The utilization of frequency shifting and the slow, 
continuous rotation of the phase vector has led to the 
development of three altimeter systems. The first em- 
ploys an amplifier with a uniform frequency character- 
istic. The detected signal appears as a sine wave of 
period 1/f; having a train of waves superimposed. 
The number of waves in the train are dependent upon 
the altitude. The counter indicating altitude counts 
the waves having zero-crossings, which is obtained 
whenever the detected signal voltage becomes zero. 
Such a value is a function of the angular excursion of 
the phase vector and the long-time rotation of the 
frequency-shifted signal f;. In the NBS system, a 
linear relationship exists between distance and count- 
ing rate, which would be continuously maintained if 
the frequency shifter produces energy only at a fre- 
quency dependent on the swm of the carrier and shifted 
frequencies. However, practical frequency shifters 
also pass a small amount of energy at the difference 
frequency. This corresponds to a carrier with 1 or 


Detected signal of the NBS nonquantized frequency- 
modulated altimeter incorporating an amplifier with a 
uniform frequency characteristic. The detected signal 
appears as a sine wave of period |/fa with a superimposed 
train of waves. The number of waves in the train is 
dependent upon the altitude. The counting mechanism 
recognizes the altitude by the number of times the signal 
voltage, E,, becomes zero. Hence, the total count grows 
with increasing phase angle, y. An accurate count is 
obtained by superimposing a slow continuous rotation 
(ad) of the frequency-shifted signal vector, fa. Thus, 


while the phase vector, y, is rotating at a rate fa, it also 
swings back and forth ata rate fr. 
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2 sidebands separated by the shifted frequency. If 
this mixture is fed into a rectifier, a signal at the shifted 
frequency is obtained as long as the amplitude of the 
desired signal does not exceed the amplitude of the 


envelope of the undesired mixture. This is similar to 
the capturing effect in conventional FM receivers and 
is due to the action of the limiter which is incorporated 
in the counter. 

The second system is designed for low signal levels. 
Here the frequency characteristic of the amplifier must 
be shaped to eliminate the frequency f, from the 
counter. Thus, one would obtain the same series of 
voltage fluctuations that were previously superimposed 
on the wave of period 1/fj but the f; component fil- 
tered out and the voltage axis being the average of all 
the fluctuations in a period 1/f,. The phase vector may 
be considered as being periodically arrested so that it 
swings back and forth through an angle dependent 
upon the distance between the transmitter and the 
ground. The number of counts per repetition period 
is determined by the crossings between the curve 
(cyclic fluctuations) and its average value (over each 
variation per repetition-rate cycle). The height-indi- 


THERMAL 


EFLON (polytetrafluoroethylene) and other fluoro- 

carbon polymers are finding a steadily increasing 
number of industrial uses because of their high re- 
sistance to chemical and thermal degradation. How- 
ever, very little has appeared in the literature relating 
to thermal degradation of fluorocarbons. Recently Dr. 
S. L. Madorsky and associates of the National Bureau 
of Standards completed a systematic study of a series 
of fluoropolymers, including Teflon, determining their 
relative thermal stability, rates of thermal degradation, 
and the nature and relative amounts of the products 
given off in the process. From the experimental re- 
sults, a clearer picture of the mechanism of breakdown 
in these polymers was obtained. The work was done 
as part of a program on high temperature-resistant poly- 
mers which is being sponsored at NBS by the Ordnance 
Corps, Department of the Army. 

The general method? employed in the investigation 
was developed by NBS in 1948 and has since been ap- 
plied at the Bureau to the study of a number of high 
polymers. It involves thermal decomposition of a 
sample and subsequent distillation under such a high 
vacuum that there is no return of escaping molecules 
to the evaporating surface. Under these conditions the 
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Detected signal of the NBS nonquantized frequency- 
modulated altimeter incorporating a circuit that filters 
out from the counter the energy at the frequency fa. 
Thus, the same series of voltage fluctuations is obtained 
that was previously superimposed on the wave of period 
1/fa, but the fa component is filtered out and the voltage 
axis becomes the average of all the fluctuations in a 
period I/fr. The number of counts per repetition period 
is determined by the crossings between the curve and its 
average value. 


cator of an altimeter using this system must be 
equipped with a dial calibrated according to a non- 
linear curve which deviates from linearity only by a 
small degree and only at the very low altitudes. As 
compared with standard altimeters, the only additional 
components are the frequency shifter, which is inserted 
between the power oscillator and the mixer, and the 
recalibrated dial-indicator. 

The third system suppresses interference from the 
leakage signals at frequency fy by using an amplifier 
whose gain is proportional to frequency. The output 
caused by the low frequency, fa, is very small while the 
high-frequency fluctuations are accentuated. Because 
every wave can now be counted, a linear relationship 
between distance and counting rate is obtained. 


For further technical details, see Nonquantized fre- 
quency-modulated altimeter, by H. P. Kalmus, J. C. 
Cacheris, and H. A. Dropkin, J. Research NBS 50, 215 
(1953) RP2413. 

A similar method for obtaining low-level altimeter 
readings, but one that does not produce the same effects, 
is described in Patent No. 2.222,587, awarded to Royden 
Sanders. Raytheon Manufacturing Co. has also an- 
nounced a similar device. 


STABILITY OF TEFLON 


fragments into which the polymeric chain is decom- 
posed by heat may be collected without further frag- 
mentation due to molecular collision. From a study of 
the way in which the polymeric chain breaks up—as 
shown by the length and type of fragments formed, 
the relative amounts of monomeric to longer fragments, 
and similar data—much can be learned about the ar- 
rangement of the monomeric units in the polymeric 
chain and the relative strength of the chemical bonds 
involved. 

In addition to Teflon (—C,F,—),, the NBS experi- 
ments included polyvinylfluoride (—C,H;F—),; 1,1- 
polyvinylidene fluoride (—C,H,F,—),; and polytri- 
fluoroethylene (—C,HF;—),. Each of these was de- 
composed by heating a thin layer of the polymer in a 
vacuum, and the products of pyrolysis were separated by 
fractional vacuum distillation involving the use of 
liquid air and dry ice to maintain parts of the apparatus 
at the required temperatures for condensation of the 
different fractions. 

To obtain the activation energy of the polymers—a 
measure of the ease of decomposition—it was necessary 
to determine the rate of volatilization from each poly- 
mer over a suitable temperature range. This was 
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done by suspending the sample on the pan of a tungsten 


spring balance’ within an evacuated chamber. Heat 
was applied through an external resistance coil. From 
the loss of weight of the specimen over a given period, 
the rate of volatilization was computed. The activa- 
tion energy was then obtained as the slope of a plot of 
the logarithm of the rate of volatilization against the 
reciprocal of the absolute temperature. 

In the case of Teflon, the rate of volatilization was 
also determined by a pressure method. This method 
makes use of the fact that in pyrolysis Teflon yields 
mainly the monomer, with a few percent of other prod- 
ucts, all in constant proportion and volatile at room 
temperature. The rate of volatilization can thus be 
obtained from a curve in which pressure of the accum- 
ulated gaseous products within a fixed volume is plotted 
against time. 

The Teflon specimens were heated in a quartz tube 
which was evacuated to about 10° mm of mercury by 
means of a rotary pump, and a mercury diffusion 
pump. During pyrolysis the apparatus was cut off 
from the rotary pump while the diffusion pump re- 
mained in operation. This pump was effective in re- 
moving the volatiles from the pyrolysis zone, against a 
back pressure of 25 mm. The volume between the dif- 
fusion pump and the stopcock cutting off the oil pump 
was calibrated, and the rate of volatilization of Teflon 
was determined from the pressure developed in the cali- 
brated volume. This pressure was measured at inter- 
vals by means of a multiplying manometer containing 
a low-vapor pressure silicone oil in one arm on top of a 
mercury column. Provision was made for separating 
the less volatile from the more volatile pyrolysis prod- 
ucts by partial condensation in the part of the apparatus 
between the diffusion pump and the manometer. 

In the investigation of volatile products from 
thermal degradation of polymers, the apparatus con- 
sisted essentially of a double-walled cylindrical flask 
similar to a Dewar flask except that the inner vessel was 
joined to the outer jacket by a ground-glass joint. The 
space between the cylinders was evacuated and was con- 
nected, by means of a side arm, to receivers for the vari- 
ous fractions. At the bottom of this space was a small 
tray on which a thin layer (25 to 50 mg) of the polymer 
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The rate of thermal degradation of a fluorocarbon poly- 
mer is based on loss of weight per unit time. Specimen 
is suspended on the pan of a tungsten spring balance 
within an evacuated glass chamber (upper right), and 
heat is applied through an external resistance coil. A 
sensitive comparator, reading to 1 micron, is used to 
observe the change in the position of a crossline attached 
to the spring extension with respect to a zero-point line 
on the glass tube housing the balance. 


was heated electrically. The outer wall of the flask was 
immersed in a constant temperature bath. The volatile 
decomposition products were fractioned by molecular 
distillation into refrigerated receivers. 

In the pyrolysis of Teflon, almost 100 percent of the 
yield was made up of fraction III, which consists 
mostly of monomer, C.F, and of some CF, (table 1). 
When the specimen had been volatilized about 50 per- 
cent, the remaining material softened and slumped. 
Rate of thermal degradation was apparently independ- 
ent of original chain length since commercial Teflon, 
tetrafluoroethylene photopolymers, and commercial 
Teflon preheated in air for one hour at 400° to 450° C, 
all had the same rates of volatilization and the same 
volatile products. In view of the fact that the volatiles 
did not contain any appreciable amounts of fragments 
larger than the monomer, it would appear that the 
mechanism of break-up at high temperatures. consists 
of a release of monomer units at the ends of polymer 
chains. 

Substitution of one or more hydrogen atoms for 
fluorine on the chain changes radically the nature of 
the polymer and its mechanism of breakdown. Un- 
like Teflon, the hydrofluorocarbon polymers do not 
yield appreciable amounts of monomer. Instead, the 
volatile substances consist of HF and chain fragments 
of various sizes. Apparently the breaking of the chain 
into these fragments is facilitated by the formation of 
HF. When a molecule of HF breaks off, a double bond 
may be expected to form in the chain at that point. A 
break in the chain may then occur at a C—C bond in 
beta position to this double bond. This break, as in 
the hydrocarbon polyethylene, results in one end of the 
break becoming saturated and the other end forming 


a double bond. 


Table 1. Pyrolysis of Teflon at consecutive 60-minute 
intervals 


Relative amounts 
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In general, four fractions were collected upon 
pyrolysis of the polymers. These were: (I) a semi- 
solid residue; (II1) a waxlike material, volatile at the 
temperature of pyrolysis; (III) a fraction volatile at 
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room temperature; and (IV) a gaseous fraction volatile 
at —196° C. The weights of all four fractions were 
determined, and in the case of fractions II] and IV 
chemical composition was determined in the mass 
spectrometer. 

As might be expected from its structure and the 
strength of the CF bond, Teflon was outstanding among 
the fluorocarbons studied in resistance to thermal 
degradation. Heating to about 490° C was necessary 
before appreciable decomposition occurred. The 
polyvinylidene fluoride was the next most stable of the 
polymers studied; heating to about 430° C was neces- 
sary to obtain appreciable decomposition. This was 
in marked contrast to the two hydrofluorocarbons, 
which decomposed appreciably at temperatures below 
400° C, 

In polyvinylidene fluoride, where there is a better 
opportunity for formation of HF, double bonds will 
form in the chain at an accelerated rate until they 
appear in conjugated position. This causes a lesser 
degree of chain scissions, and the chain becomes 
stabilized. The yield of the HF fraction in percent of 
sample or in percent of volatilized part is greater from 
polyvinylidene fluoride that from polyvinyl fluoride, 
as would be expected. 

In pyrolysis of polytrifluoroethylene, the amount of 
HF liberated is small as compared with polyviny] 
fluoride. It would thus seem that an abundance of 
fluorine on the polymer chain is less favorable to 
splitting off of HF than a similar abundance of 
hydrogen. 

The behavior of Teflon on pyrolysis is in marked 
contrast to that of such as polyethylene or polymethy]l- 
ene. These polymers yield large amounts of long-chain 
molecular fragments on heating because of the readi- 
ness with which the polymer chain is able to break up 
and stabilize itself by exchange of hydrogen between 
fragments. 
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Relative thermal stability of Teflon, polymethylene, and 
hydrofluoroethylene polymers. 


* Thermal decomposition of high polymers, VBS Tech- 
nical News Bulletin 32, 25 (March 1948) ; Pyrolytic frac- 
tionation of polystyrene in a high vacuum and mass 
spectrometer analysis of some of the fractions, by Samuel 
L. Madorsky and Sidney Straus, J. Research NBS 40, 
417 (1948) RP1886. 

* Tungsten spring balance for vacuum weighing, NBS 
Technical News Bulletin 36, 16 (May 1952). 


For further technical details, see Thermal degradation 
of tetrafluoro- and hydrofluoro-ethylene polymers in a 
vacuum, by S. L. Madorsky, V. E. Hart, S. Straus, and 
V. A. Sedlak, J. Research NBS 51, 327 (1953) RP2461. 
See also Pyrolysis of polyisobutene (vistanex), polyiso- 
prene, polybutadiene, GR-S, and polyethylene in a high 
vacuum, by S. L. Madorsky, S. Straus, D. Thompson, and 
L. Williamson, J. Research NBS 42, 499 (1949) RP 
1989; Pyrolysis of styrene, acrylate, and isoprene poly- 
mers in a vacuum, by S. Straus, and S. L. Madorsky, J. Re- 
search NBS 50, 165 (1953) RP2405; and Rates of 
thermal degradation of styrene and acrylate polymers, 


by S. L. Madorsky, J. Polymer Sci. 11, 491 (1953). 


Coin- Weighing Machine 


FULLY AUTOMATIC MACHINE for weighing 
coins rapidly has been developed by M. L. Kuder 
and E. C. Palasky of NBS at the request of the 
Department of the Treasury. The machine can weigh 
and sort 18,000 coins per hour with an accuracy of 
4 of 1 percent in the weighing of 25-cent pieces and 
with even greater accuracy for the larger coins. This 
system has the advantages of high sensitivity, low sus- 
ceptibility to seismic noise, and independence of other 
physical properties of the coin except the diameter, 
which is held to extremely close tolerances in manu- 
facture. The machine is much faster than the auto- 
matically fed analytical beam balance now in use at 
the Mints. 
The present weighing system used by the Treasury 
consists of dropping the coin into a basket suspended 
from the beam of an analytical balance and allowing 
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the beam to come to rest. The beam is then clamped 
and the coin is ejected into either a high or a low chute. 
This process takes about 4 seconds. A limitation on 
improving the response speed of the balance is the ratio 
between the mass of the beam and the comparatively 
small differential mass of the coins, since the small 
mass will not accelerate the large mass rapidly. 

The Bureau’s machine weighs coins by measuring 
the degree of unbalance imparted to a rapidly revolving 
flywheel into which two coins, the standard and the 
one to be weighed, have been placed. If the flywheel 
is precisely balanced initially, the difference in weight 
between the two coins will displace the center of gravity 
slightly from the geometric center of the wheel. De- 
tection of this displacement provides the basis for 
measuring the weight of the coin. A method has also 
been developed for injecting the coin into the rapidly 
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moving flywheel and removing the coin after it has 
been weighed. Sorting of coins into “light” and 
“heavy” categories is accomplished through suitable 
circuitry which determines precisely the angular posi- 
tion of the wheel at which the coin is to be removed so 
that it will fall in the proper container. 

The system is essentially a pendulum whose princi- 
pal mass is concentrated in a flywheel approximately 
7 in. in diameter. The wheel is mounted at the lower 


end of a vertical rotating shaft. At the top of the shaft 
is a gimbal mount which serves as the fulcrum, and the 
d-c motor which turns the weighing wheel at 3,000 rpm 
is placed above this. The pendulum is of such a length 
that its natural period is much longer than the period 
of vibration established by the revolving wheel. Thus, 
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Cabinet at left contains 
flywheel in which the coins are shot for weighing. 
Weighed coin drops either from hopper in front or from 


NBS coin weighing machine. 


a rear hopper, depending on accept or reject. Rack 


contains electronic equipment. 


the vibrational effects of the wheel are independent of 
any resonant effect of the pendulum and the rotation 
of the center of gravity of the wheel about its geometric 
center takes place as though the wheel were a body 
revolving in free space. 

By rotating the wheel at 3,000 rpm with the coins 
about 21, in. from the center of the wheel, an accelera- 
tion of nearly 500 g is imparted to the coins. This 
magnifies the small weight differential between them 
500-fold. The vector product of the large synthetic ac- 
celeration and the small differential mass is the force 
that causes the wheel to accelerate rapidly into a new 
orbit about its new center of gravity whenever a coin 
of unknown weight is placed in the wheel. 

Within six revolutions of the wheel, the initial tran- 
sient disturbance resulting from the loading of a new 
coin into the periphery of the wheel while it is rotating 
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is damped down. As the wheel is revolving at 3,000 
rpm, these six revolutions take only 0.12 second. The 
subsequent detection of the constant amplitude of vibra- 
tion that determines the difference in weight between the 
two coins is made during the two following revolutions. 
A total of 10 revolutions is allowed for the complete 
weighing cycle; thus, 5 coins can be weighed each 
second. 

An electronic mutual-inductance micrometer probe 
placed near the wheel hub detects the vibration of the 
pendulum shaft. This device is an extremely sensitive 
tranducer which can determine a change in length as 
small as 50 microinches and can accurately measure the 
few thousandths of an inch displacement in the weight- 
indicating vibration. The transducer consists of two 


Top: Coin-weighing flywheel 
(center) is suspended from a 
rapidly turning shaft. Coin 
emerges from slot in edge of 
flywheel. Lower box is coin 
inserting mechanism. Above 
and behind flywheel is the 
mutual-inductance microme- 
ter which detects and meas- 
ures the amount of flywheel 
vibration caused by a coin 
weight differing from the 
standard weight. Housing at 
left contains a_ stroboscopic 
light used in dynamic _bal- 
ancing of wheel. Bottom: 
Coin-weighing flywheel. Op- 
posite coin is the standard 
weight. Holes in wheel are 
for dynamic balancing. 


coplanar, coaxial coils wound on a dielectric core. 
The primary coil is energized from a regulated RF 
source whose frequency is much higher than the wheel 
vibration frequency. The mutual-inductive coupling 
between the primary and secondary varies as a nearby 
conducting material—i.e., the wheel hub—moves 
toward or away from the coil assembly. When the 
wheel vibrates, the secondary coil generates a modu- 
lated a-c signal whose period is equal to that of one 
revolution of the wheel. The transducer, with its reg- 
ulated power supply and simple amplifier, produces a 
signal of relatively large amplitude which is linearly 
proportional to the departure of the coin from the 
nominal weight. The response speed is more than 
adequate to meet the requirements of this application. 

The coin to be weighed and the standard coin lie 
on a straight line which passes through the geometric 
center of the wheel. If the coin to be weighed is 
heavier or lighter than the standard, the center of 
gravity of the pendulum moves along this line to one 
side or the other of the geometric center. Thus, the 
wheel can vibrate in either of two modes which are 
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180 deg apart with respect to the time at which the coin 
in the wheel passes a given point. A mirror mounted 
on the rotating shaft reflects a beam of light onto a 
photocell, thereby generating an electrical pulse each 
time the coin passes a given point. The photocell 
signal coincides with either a positive or a negative 
signal from the transducer once each revolution of the 
wheel, and the combination of the two signals indicates 
whether the coin is heavier or lighter than the standard. 

A novel method was developed for injecting a new 
coin into the rapidly moving flywheel and at the same 
time removing the coin that has already been weighed. 
The coin is initially inserted into the wheel by a poly- 
iron-core solenoid which injects the coin vertically up- 
ward into a hole in the bottom of the hub. A 20-nf 
condenser, charged to 800 v, supplies the energy for the 
injecting pulse. This pulse, when applied to the sole- 
noid, produces a powerful eddy-current magnetic repul- 
sion field between the coin and the core, thereby lifting 
the coin into the hole. The axis of the hole in the hub 
is inclined at a small angle to the axis of the rotating 
spindle and directs the coin into a position that is 
slightly away from the geometric center of the flywheel. 
Thereafter, centrifugal force causes the coin to move 
into the pocket at the periphery of the wheel. The 
new coin imparts its kinetic energy to the weighed coin 


that is already in the pocket, thereby forcing this coin 
off the wheel. By properly controlling the time at 
which the new coin is inserted into the wheel, the eject 
phase position is so chosen that the weighed coin may 
be cast into an “accept” or “reject” receptacle. The 
timing is electronically determined by the weight of the 
coin in the wheel. 

The addition of a relatively small amount of elec- 
tronic circuitry provides a means of dynamically bal- 
ancing the flywheel. If two standard coins are placed 
in the flywheel, the only source of vibration is the un- 
balance of the wheel itself. The mutual-inductance 
micrometer detects this unbalance, and a photocell en- 
ergized by a light beam reflected from a mirror on the 
shaft assists in determining the phase of the unbalance. 
The electronic combination of these two signals oper- 
ates a stroboscope which illuminates only the heavy 
portion of the wheel. Degree markings on the edge of 
the wheel identify the heavy position, and set-screw 
adjustments on the periphery permit alteration of the 
weight distribution. Usually only one or two trials 
are necessary to restore the wheel to precise balance. 


Technical details of an electronic micrometer, M. L. 
Greenough, Electronics 20, No. 11, 172 (November 
1947). 
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